Zinc borosilicate glass with optimized chemical composition was synthesized and doped with 5 wt % α-Fe2O3. XRD, 57 Fe Mössbauer, FT-IR, UV/Vis/NIR and FE SEM were used as the characterization methods. XRD showed the amorphous nature of the samples synthesized. 57 Fe Mössbauer spectra confirmed the superposition of Fe 3+ in tetrahedral and Fe 2+ in octahedral positions. FT-IR spectra showed general features characteristic of different borosilicate glasses. The NIR band at 1116 nm in the UV/Vis/NIR spectrum was assigned to the Fe 2+ transition, whereas the Fe 3+ transition bands could not be assigned due to the overlapping of several spectral bands of different origin in the UV region centered at 282 nm and the Vis region between 415 to 496 nm. Zinc borosilicate glass as synthesized can be considered as a possible matrix in the immobilization of nonradioactive as well as radioactive wastes.
INTRODUCTION
ARIOUS wastes (nonradioactive and radioactive) generated by man's activity are creating great problems in the contemporary world, and for this reason it is not surprising that many scientists and engineers are searching for the methods of their immobilization. Nonradioactive waste can be of different origins, for example, generated by the incineration of municipal, medical or biomass waste, the combustion of coal in thermal power plants as well as from slag in iron metallurgy, mud from metal in hydrometallurgy, etc. Glass and glass-ceramics have been considered for the immobilization of nonradioactive waste [1] [2] [3] [4] [5] with further application as ceramics and construction materials. Radioactive waste can be produced in different steps of the nuclear fuel cycle or during the application of radioisotopes to other human activities. Glass-forming regions in the system ZnO-B2O3-SiO2 [6] as well as the effects of the ZnO component in the borosilicate glass matrix on a possible immobilization of radioactive waste were investigated. [7] [8] [9] [10] In this paper we present some microstructural properties of zinc borosilicate glass with optimized chemical composition for a possible immobilization of nonradioactive or radioactive wastes. The corresponding amounts of the chemicals were mixed with a small amount of twice distilled water, then dried. After drying this mixture was ground, then melted in ceramic crucible in a laboratory furnace while gradually increasing temperature up to 1000 °C and kept at this temperature for 4h. In the case of the zinc borosilicate glass matrix loaded with 30 wt % α-Fe2O3 the system was additionally heated to 1100 °C for 1 h. Molten glass was poured into a preheated graphite mould, then cooled to room temperature.
Instrumentation
XRD patterns were recorded at 20 °C with an APD 2000 diffractometer manufactured by ItalStructures (Novara, Italy).
Mössbauer spectra were recorded at 295 and 80 K in the transmission mode using the instrumentation by WissEl (Starnberg, Germany). A 57 Co/Rh Mössbauer source was used. The velocity scale and all Mössbauer data refer to the α-Fe absorber at 295 K. Mössbauer spectra were evaluated using the MossWinn program.
FT-IR spectra were recorded at RT using a Perkin-Elmer spectrometer (model Frontier).
UV/Vis/NIR spectra were recorded at RT using a UV-3600 spectrometer manufactured by Shimadzu and equipped with an integrating sphere. Extra pure BaSO4 by Wako Chemicals was used as a reference.
FE SEM images were taken with a thermal field emission scanning electron microscope (model JSM 7000F) manufactured by JEOL Ltd. Figure 1 . shows the XRD patterns of (a) zinc borosilicate glass, and (b) with 5 wt % loading of α-Fe2O3. These XRD patterns did not show any presence of a crystalline phase. Figure 2 shows the Mössbauer spectra of zinc borosilicate glass containing iron ions. These spectra, as recorded at 295 and 80 K, indicate the superposition of two quadrupole doublets with Mössbauer parameters given in Table 1 . The doublet with a greater quadrupole splitting can be assigned to Fe 2+ ions in the octahedral environment, whereas the one with a lower quadrupole splitting can be assigned to Fe 3+ ions in the tetrahedral environment. Cochain et al. [12] reported about the state of iron in silicate glasses. In these glasses Fe 2+ is present in octahedral and Fe 3+ in tetrahedral coordination. A similar conclusion was reached by Taragin and Eisenstein [13] for the state of iron in some borosilicate glasses. Romero et al. [14, 15] investigated the state of iron in borosilicate glasses of different chemical composition and found a dependence of the Fe 3+ /Fe 2+ ratio on the Fe2O3 content as well as an increasing distortion of the glass network with the increased Fe2O3 content. Table 1 shows a significant broadening of quadrupole splitting lines which can be assigned to a wide distribution of iron at Fe 2+ and Fe 3+ sites in the amorphous glass matrix. Generally, it is argued that the incorporation of iron ions in the borosilicate matrix reduces the boron coordination that is demonstrated by a decrease in the amount of BO4 tetrahedra and a corresponding increase in BO3 triangles. This is accompanied by the breaking of Si-O-B network bonds and the formation of Si-O-Fe 3+ bridge bonds as well as Si-Ononbridging bonds including Fe 2+ as modifying cations. [16, 17] The FT-IR spectra of (a) zinc borosilicate glass, and (b) with 5 wt % loading of α-Fe2O3 are shown in Figure 3 . General features of these spectra are typical of borosilicate glass. The weak IR band at 1738 cm -1 (Figure 3a) can be assigned to the ring asymmetric stretching relaxation of B-O bonds in BO3 triangles. The IR band at 1370 cm -1 can be related to the ring stretching vibrations of BO3 whereas the IR band at 1248 cm -1 is usually interpreted as the bond stretching vibration of the boron sublattice against the oxygen sublattice. A very strong IR band centered at 967 cm -1 can be assigned to the stretching vibrations of Si-O and B-O bonds of tetrahedrally coordinated Si 4+ and B 3+ . This IR band showed a very high broadening, thus indicating that there is a superposition of several IR bands. The IR band at 707 to 704 cm -1 can be related to the vibrations of the B-O bond in a BO3 triangle with an increased relative intensity of this band while increasing α-Fe2O3 or waste loadings. Finally, a very strong and broadened IR band at 430 cm -1 was observed, which could be assigned to the bending vibrations within SiO4 tetrahedra (O-Si-O) and between SiO4 tetrahedra (Si-O-Si) as well as the Zn vibrations within ZnO6 octahedra and other Me-O bonds (Me-Mg, Ca, Sr, Ba). The addition of 5 wt % α-Fe2O3 to the zinc borosilicate glass matrix did not significantly influence the corresponding FT-IR spectrum (Figure 3b ). More about the interpretations of the borosilicate glass structure based on infrared spectroscopy can be found in reference literature. [18] [19] [20] [21] [22] Figure 4 . shows the UV/Vis/NIR spectra of (a) zinc borosilicate glass, and (b) with 5 wt % loading of α-Fe2O3.
RESULTS AND DISCUSSION
Here it can be mentioned that the UV/Vis/NIR spectra of borosilicate glasses were much less investigated than the infrared spectra of the same glasses. Kukkadapu et al. [23] investigated sodium silicate glass doped with 0.5 mol % Fe2O3. The broad bands at 1120 and 2020 nm were assigned to the Fe 2+ transition, whereas the minor bands at 375, 415 and 435 nm as well as the broad band at ~485 nm were assigned to the Fe 3+ transition. In the present UV/Vis/NIR spectrum (Figure 4 .b) the band at 1116 nm is visible as a shoulder. Moreover, in the same spectral region two shoulders at 926 and 1288 nm are also visible. However, in the present case there are no great differences between the UV/Vis/NIR spectra of undoped and Fe-doped zinc borosilicate glasses. El Batal et al. [24] investigated the UV/Vis spectra of TM-doped Na2O-B2O3-SiO2 glasses (TM = transition metal). The spectrum of Fe-doped sodium borosilicate glass showed four prominent UV bands at 210, 235, 275 and 315 nm as well as two weak bands at 380 and 440 nm. The increase in relative intensity with progressive gamma irradiation was explained by the oxidation of Fe 2+ and the formation of Fe 3+ . Bartoll et al. [25] found a band at 300 nm in the UV/Vis spectrum of gamma irradiated Fedoped alkaline earth silicate glasses. In the present case Fe- doped zinc borosilicate glass showed a very strong and broad band centered at 282 nm. A very weak shoulder at 415 to 496 nm was also visible due to the presence of Fe 3+ ions.
The zinc borosilicate glass matrix as described has a high loading capacity for various wastes. However, when the waste loading was simulated with 30 wt % α-Fe2O3, the XRD pattern showed the crystallization of the spinel phase (~10 %) inside the glass matrix. Furthermore, glass fibers (or glass wool) can be produced by drawing out from molten zinc borosilicate glass. Figure 5 . shows glass fibers obtained from the zinc borosilicate glass matrix loaded with 5 wt % α-Fe2O3. In the case of nonradioactive waste, due to economic reasons, strontium can be replaced with cheaper alkaline earths.
CONCLUSIONS
Zinc borosilicate glass with optimized chemical composition was synthesized and showed a completely amorphous nature. Upon loading with 5 wt % α-Fe2O3 the Mössbauer spectra at 295 and 80 K showed a superposition of two quadrupole doublets corresponding to Fe 3+ in tetrahedral positions and Fe 2+ in octahedral positions. The ratio Fe 3+ /Fe 2+ = 0.86 was measured at 295 K and a similar ratio was obtained at 80 K. The FT-IR spectra showed the general features of the borosilicate glass matrix. In the UV/Vis/NIR spectrum the NIR band at 1116 nm was assigned to Fe 2+ ions, whereas in the UV/Vis/NIR region the Fe 3+ transitions were not well visible due to the overlapping of several UV bands centered at 282 nm and several Vis bands between 415 and 496 nm. The zinc borosilicate glass matrix can be considered in the immobilization of nonradioactive or radioactive wastes.
